In the model higher plant Arabidopsis thaliana, the CCA1 (CIRCADIAN CLOCK-ASSOCIATED 1) gene plays important circadian clock-associated roles. The CCA1 protein is a member of a small subfamily of single MYB-related transcription factors. This family consists of several homologous CCA1-like transcription factors, including the closest homolog LHY (LATE ELON-GATED HYPOCOTYL). To gain insight into the molecular function of CCA1 and its homologs, here we took a unique genetic approach that was recently developed for Arabidopsis thaliana. Through this strategy, referred to as CRES-T (Chimeric REpressor Silencing Technology), a transgenic plant was constructed to produce a dominant negative transcriptional repressor (designated CCA1-SRDX). By employing the resulting transgenic lines, together with previously established cca1 lhy double mutant and CCA1-ox (over-expressing) plants, their circadian clock-associated phenotypes were examined and compared with each other. The observed clock-associated phenotypes of the CCA1-SRDX plants were very similar to those of CCA1-ox, but not to those of cca1 lhy, suggesting that CCA1 acts predominantly as a transcriptional repressor in nature. However, the developmental morphology (or architecture) of adult CCA1-SRDX plants were quite different from that of CCA1-ox, suggesting that CCA1 might also be implicated, directly or indirectly, in an as yet unknown circadian-associated output pathway at a late developmental stage.
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In higher plants, the circadian clock is a fundamental biological system relevant to a wide range of biological processes, including movement of organs such as leaves and petals, stomatal opening, diurnal changes in photosynthetic activities, and photoperiodic control of flowering time. 1, 2) During the last decade, many circadian clock-associated genes have been identified in the model higher plant Arabidopsis thaliana through intensive genetic studies. 3, 4) Based on these, it is currently believed that the clock-associated CCA1/LHY and TOC1 genes form a negative/positive transcriptional feedback loop that generates fundamental circadian rhythms. 5, 6) CCA1 and homologous LHY genes encode MYB-related transcription factors. [7] [8] [9] TOC1 is a member of the clock-associated PRR (PSEUDO-RESPONSE REGULATOR) family of genes, including PRR9, PRR7, PRR5, PRR3, and PRR1/TOC1, which together encode a set of homologous proteins containing a phosphoaccepting receiver domain that is conserved in the response regulators of two-component signal transduction systems. [10] [11] [12] [13] The morning-expressed CCA1/LHY genes negatively regulate the evening-expressed TOC1 gene, which in turn activates the CCA1/LHY genes at the level of transcription. 5, 14) It is currently thought that this negative/positive transcriptional feedback loop generates fundamental circadian rhythms, suggesting that CCA1/LHY and TOC1 act together as the major clock-associated genes in Arabidopsis thaliana. Nevertheless, clarification of the biochemical functions of the CCA1/LHY and TOC1/PRR1 proteins awaits further experimentation.
In this respect, no common biochemical function of the PRR proteins has yet been defined. In contrast, it is known that the MYB-related CCA1/LHY proteins act as DNA-binding transcriptional regulators. 5, 15) Some data suggest that they act as transcriptional repressors, 5, 9) whereas other data suggest that they function as * These two authors contributed equally to this study. y To whom correspondence should be addressed. Tel: +81-52-789-4089; Fax: +81-52-789-4091; E-mail: nqi33717@nifty.com Abbreviations: CaMV, Cauliflower Mosaic Virus; CCA1, CIRCADIAN CLOCK-ASSOCIATED 1; CRES-T, Chimeric REpressor Silencing Technology; ERF, ETHYLENE-RESPONSIVE ELEMENT-BINDING FACTOR; LHY, LATE ELONGATED HYPOCOTYL; ox, over expressing; PRR, PSEUDO RESPONSE REGULATOR; SUP, SUPERMAN activators. 15) These two views are not mutually exclusive, because a given DNA-binding protein can act as both transcriptional repressor and activator, depending on the target genes on which the protein acts, and also depending on the partner with which the protein forms a transcriptional complex.
Keeping this general idea in mind, here we asked the following question: Does the clock-associated transcription factor CCA1 act predominantly as ''activator or repressor'' in clock-associated events? And how can we address this issue? In general, transcriptome analyses with DNA-microarrays provides hints to answer this question. In the public database, the transcriptome datasets for plants over-expressing CCA1 (named CCAox) are already available (see http://www.arabidopsis. org/index.jsp). The results showed that a large number of genes are up regulated in CCA1-ox, while a certain number of other genes are also down regulated. Hence, these data are not necessarily helpful in judging whether CCA1 acts mainly as ''activator or repressor. '' In this study, we adopted a genetic strategy to address the issue. This recently developed versatile genetic method is referred to as CRES-T (Chimeric REpressor Silencing Technology). 16) To gain an insight into the function of CCA1 in plants, we applied this procedure to the CCA1 gene. The results were compatible with the thesis that the CCA1 protein acts predominantly (if not exclusively) as a transcriptional repressor in circadianassociated events. Furthermore, an unexpected possibility was emerged with regard to the function of the CCA1 (and/or CCA1-homolog) protein in the late developmental stage of Arabidopsis morphogenesis, as discussed below.
Materials and Methods
Plant materials and growth conditions. Arabidopsis thaliana accession Columbia was used in these experiments. The cca1-1 lhy-11 double mutant allele used in this study has been described previously.
17) The CCA1-ox transgenic line was also characterized previously. 9, 18) All seeds were imbibed and cold treated at 4 C for 2 d before germination and growth at 22 C-24 C. The plants were grown either on soil or on MS medium (Murashige and Skoog salts with 1% sucrose and 0.3% gellan-gum). Light-grown plants were maintained in growth chambers under white light of 90-100 mmol m À2 s À1 and 120-150 mmol m À2 s À1 for LoD (16 h light/8 h dark) and ShD (10 h light/14 h dark) conditions respectively, unless otherwise noted.
Expression of CCA1-SRDX in transgenic Arabidopsis plants. The entire coding sequence of the CCA1 cDNA was amplified with primer set of 5 0 -CATCCCGG-GATGGAGACAAATTCG-3 0 and 5 0 -ACACCCGGG-TGTGGAAGCTTGAG-3 0 . The amplified DNA fragment was cloned into downstream of the CaMV35S promoter of the p35SSRDXG vector in frame using the SmaI restriction sites (the vector was a gift of M. OhmeTakagi). The resulting composite vector was designed so as to express a fusion polypeptide (named CCA1-SRDX) in an appropriate transgenic plant. After the gene-cassette was transferred into another binary vector, pBCKK (a derivative of pBIG-KAN) 19) through the Gateway system (Invitrogen, Carlsbad, California), the wild-type (Col) plants were transformed with the vector by the Agrobacterium-mediated vacuum infiltration method, as described previously. 14, 20) Transgenic (T1) seeds were germinated and selected on MS agar-plates containing 50 mg/ml of kanamycin and 200 mg/ml of cefotaxime. Several independent transgenic lines were selected successfully (L#1, L#2, L#6, L#7, and L#9), and they were used in this study.
Measurement of hypocotyl lengths. To examine the light response in early photomorphogenesis of plants, seeds were sown on gellan-gum (0.3%) plates containing MS salts without sucrose. They were then kept at 4 C for 48 h in the dark. Then they were exposed to white light for 3 h in order to enhance germination, followed by incubation at 25 C for 21 h in the dark. Plants were grown for 3 d under continuous light under a varied range of fluence rates or in the dark. As light sources for continuous irradiation, light-emitting diodes were used: for red light, STICK-mR ( max ¼ 660 nm at 60 mmol m À2 s À1 (Tokyo Rika, Tokyo).
Measurement of flowering time. Seeds were imbibed directly on soil (r ¼ 3 cm pots). Deionized water was supplied daily. With one exception, water supplemented with Hyponex (Hyponex-Japan, Osaka) diluted 1/1,000 was used the first time. Plants were grown in a growth chamber at 22 C under ShD (10 h light/14 h dark) or LoD (16 h light/8 h dark). The time of flowering was determined as the day when plant had a bolt of 1 cm. Light intensity was 90-100 mmol m À2 s À1 and 120-150 mmol m À2 s À1 for LoD and ShD respectively.
Preparation of RNA, northern blotting analysis and real-time PCR. For northern blotting analysis, seedlings were grown on MS plates containing 1% sucrose under the conditions of a light/dark cycle (12 h light/12 h dark) for 20 d, and then they were released into LL (continuous light). They were harvested (3 h intervals) to quantify mRNA of circadian clock-associated genes and clock-controlled genes. Total RNA was purified by ATA methods, as described previously. 14) For real time PCR, total RNA was purified with an RNeasy kit (Qiagen K. K., Tokyo). To synthesize cDNA, 1 mg of each RNA was reverse transcribed with Rever Tea Ace (Toyobo, Osaka) and oligo-dT primer. The synthesized cDNAs were amplified with iQ SYBR Green supermix (Bio-Rad Laboratories, Hercules) and a primer set using a Mini Opticon real-time PCR system (Bio-Rad Laboratories, Hercules). The primer sets used in this study were for CCA1-SRDX: 5 0 -GGAACCATGGAAGCCAAAGAAA-TGAG and 5 0 -CCTTGAAACCCAAACGGAGTTC and for APX3: 5 0 -GCCGTGAGCTCCGTTCTCT and 5 0 -TCGTGCCATGCCAATCG. The following standard thermal cycling program was used for all PCR: 95 C for 120 s, 40 cycles of 95 C for 10 s, and 60 C for 60 s. Data were analyzed using Opticon Monitor ver. 3.1 software (Bio-Rad Laboratories). Northern blot hybridization analyses of TOC1 and PRR7 were carried out by the exactly same procedures as those described previously.
10)

Results
Experimental strategy
As mentioned above, the CCA1 protein belongs to a subfamily of MYB-related transcription factors (Fig. 1A) . This small CCA1-like family consists of six homologous proteins, each of which has a highly homologous single MYB DNA-binding domain. 21, 22) Among them, the closest homologs, CCA1 and LHY, play redundant roles in clock-associated events. 6, 7) Keeping this in mind, we asked whether CCA1 acts mainly as ''transcriptional activator or repressor.'' To gain an insight into this, we adopted recently developed sophisticated genetic strategy referred to as CRES-T (Chimeric REpressor Silencing Technology).
16) The principle of this genetic method is schematically explained in Fig. 1B and C.
First the coding sequence of CCA1 was fused inframe at the 3 0 -end (or C-terminal end) to a DNA sequence encoding a short transcriptional repressor domain (designated SRDX, see Fig. 1B ), which was derived from Arabidopsis class II ETHYLENE-RESPONSIVE ELEMENT-BINDING FACTOR (ERF) and TFIIIA-type zinc finger repressors of transcription that included SUPERMAN (SUP).
16) After such a CCA1-SRDX fusion gene was placed under the control of the Cauliflower Mosaic Virus (CaMV) 35S promoter, the artificial gene was introduced into the wild-type Arabidopsis plant (Columbia, Col), so as to express constitutively the CCA1-SRDX gene product in the transgenic lines. The CCA1-SRDX gene product is thought to act as a strong dominant negative repressor in the resulting transgenic plants, as previously demonstrated. 16 ) By examining the phenotypes of such CCA1-SRDX transgenic lines, it was expected that we might be able to gain a hint to answer the main question of this study, as further explained below.
If the CCA1 protein functions mainly as a transcriptional activator, the dominant negative CCA1-SRDX repressor must interfere with the functions of CCA1-homologs too (at least LHY), which function in a redundant manner together with CCA1. As illustrated in A, A phylogenic tree for a small subfamily consisting of six CCA1-related members. By employing 11 amino acid sequences containing a homologous single MYB-domain collected from the Arabidopsis AGI protein database (http://www.arabidopsis.org/ index.jsp), a non-rooted neighbor-joining phylogenic tree with branch length was constructed with program CLUSTALW (http:// clustalw.ddbj.nig.ac.jp/top-j.html). In addition to the CCA1-like family, the tree includes five homologous members belonging to an out-group, as appropriate references. Other details are given in the text. B, Schematic representation of the artificial dominant negative repressor, designated CCA1-SRDX. This artificial protein was designed so as to contain the short SRDX amino acid sequence at the C-terminal end. Other details are given in the text. C (upper panel), Schematic explanation of the experimental design and rationale of this study. The experimental design adopted was based on recently developed genetic manipulation of Arabidopsis plants, which is generally referred to as the CRES-T method. 16 ) C (lower panel), summarized view of the circadian-associated phenotypes of the cca1 lhy double mutant and CCA1-ox transgenic plants. The relevant papers include refs. 7, 9, 17, 18, 23 and 30. One aim of this study was to construct a transgenic line, in which the artificial dominant negative repressor, designated CCA1-SRDX, and then to examine the circadian-associated phenotypes of the resulting CCA1-SRDX transgenic plants. Other details are given in the text.
Experimental rationales
We and others have characterized a cca1 lhy double loss-of-function mutant, 6, 7, 17, 23) and also a CCA1-ox transgenic line, 9, 18) with regard to their circadianassociated phenotypes. The phenotypes of these cca1 lhy double mutant and CCA1-ox transgenic plants are summarized in Fig. 1C (bottom) . The hallmark phenotypes involved in this study were: (i) effects on the rhythmic expression profiles of certain clock-controlled genes, (ii) red-light sensitivity in the inhibition of hypocotyl elongation during early photomorphogenesis, and (iii) photoperiodic control of flowering time. The characteristic phenotypes of the cca1 lhy double are known to be as follows: short period of free-running circadian rhythms, hypersensitivity to red light and early flowering under short-day (ShD) photoperiodic conditions. 17, 23) In contrast, the characteristic phenotypes of the CCA1-ox transgenic line used in this study are: arrhythmia of free-running circadian rhythms, hyposensitivity to red light and late flowering under long-day (LoD) photoperiodic conditions. 9, 18) By comparing these characteristic phenotypes with those of CCA1-SRDX transgenic plants, it might be possible to gain a hint to answer to the question whether the CCA1 protein acts mainly as a ''activator or a repressor'' in nature. In other words, if case-1 is correct, the CCA1-SRDX transgenic plants should show phenotypes similar to those of the cca1 lhy double mutant, while if case-2 is right, the phenotypes of CCA1-SRDX should be similar to those of the CCA1-ox transgenic line, as summarized in Fig. 1C (bottom) . These experimental rationales might be too simple (or superficial) to draw any solid conclusion. Nevertheless, by examining the phenotypes of CCA1-SRDX transgenic lines, it might be possible to insight into the molecular function of CCA1.
Isolation of transgenic lines expressing CCA1-SRDX
By conventional methods, 20) four independent transgenic lines (T3 seeds) carrying the CaMV35S::CCA1-SRDX transgene were isolated (#1-1, #5-1, #7-2, #9-2, Fig. 2A ). The young transgenic seedlings were slender with long petioles, as compared with the wild-type seedlings. For these transgenic lines, the levels of fulllength CCA1-SRDX transcript were measured by realtime reverse transcriptase-aided polymerase chain reaction (RT-PCR) (Fig. 2B) . As an appropriate internal reference, we used the APX3 gene encoding ascorbate peroxidase 3, which is expressed in a manner independent of CCA1. 23) The results showed that these four independent CCA1-SRDX transgenic lines produced a rather large amount of CCA1-SRDX transcript, as compared with the wild-type Col plants.
During the course of this examination, however, we noticed that a portion (about 20%) of CCA1-SRDX seedlings showed a developmental morphology indistinguishable from that of the wild-type (data not shown). This was observed for every transgenic lines tested. Then we found that such wild type-like CCA1-SRDX seedlings produced only a small amount of CCA1-SRDX transcript (Fig. 2B) . This suggested that the CCA1-SRDX transgene in homozygous seeds is not fully stable for an unknown reason. During development, a small population of CCA1-SRDX seedlings apparently tends to lose the ability to produce a large amount of CCA1-SRDX transcripts, but we could easily select them out from the majority of desirable transgenic slender seedlings, as judged by morphology on MS plates. Hence, we were able to examine selectively the circadian-associated phenotypes of real CCA1-SRDX transgenic plants in comparison with those of the cca1 lhy double mutant and/or the CCA1-ox transgenic plants, as explain below.
CCA1-SRDX polypeptides act as a strong repressor for the hallmark target gene LHY As explained above, the isolated CCA1-SRDX transgenic plants produced a large amount of CCA1-SRDX transcripts. But this does not necessarily mean that the plants properly produced CCA1-SRDX polypeptides that act as a strong transcriptional repressor. To address this critically issue, we examined the expression of LHY in CCA1-SRDX transgenic plants (#7-2 and #9-2), because the LHY gene is postulated to be the best target of feedback repression through CCA1. Based on this reasoning, the CCA1-SRDX transgenic plants (#7-2 and #9-2) were grown under light/dark (12 h light/12 h dark) (LD) cycle conditions for 20 d, and then they were released into continuous light (LL) conditions. RNA samples were prepared at 3 h intervals, and were subjected to real-time PCR analysis to determine the levels of LHY transcripts (Fig. 2C and D) . In both the transgenic lines, the results indicated that the expression of LHY was severely repressed under both LD and LL conditions. These results are consistent with the view that the established CCA1-SRDX transgenic plants (#7-2 and #9-2) indeed produced a functional CCA1-SRDX polypeptide. Keeping this in mind, the circadianassociated phenotypes of real CCA1-SRDX transgenic plants were examined in comparison with those of the cca1 lhy double mutant and/or the CCA1-ox transgenic plants, as explained below.
Phenotype as to the clock-controlled circadian rhythm
As mentioned above, the most prominent role of CCA1 is to generate the fundamental circadian oscillation and to control the period, amplitude, and phase of rhythms of clock-controlled genes (see Introduction). To examine the clock-associated phenotypes of CCA1-SRDX transgenic plants, we examined a set of appropriate plants, wild-type Col, cca1 lhy double mutant, CCA1-ox transgenic lines, and CCA1-SRDX #7-2 and #9-2 transgenic line. They were grown under light/dark (12 h light/12 h dark) (LD) cycle conditions for 20 d, and then were released into the continuous light (LL) conditions. RNA samples were prepared at 3 h intervals, and then were subjected to northern blot hybridization analyses with regard to the clock-controlled TOC1 and PRR7 marker genes (Fig. 3) . When we examined the expression profiles of TOC1 and PRR7 in Col, robust rhythms were observed in both LD and LL, as expected. 10) In the cca1 lhy double mutant, in contrast, altered expression profiles of TOC1 and PRR7 were observed, as also expected (e.g., a phase-advance in LD, and a dampened rhythm with short period in LL). 23 ) In addition, the expression level of PRR7 in the cca1 lhy mutant was markedly reduced (Fig. 3B) , as has been reported. 24) Under the same experimental conditions, the CCA1-ox plants showed the phenotype of arrhythmia in LL (Fig. 3) , as previously reported. 5, 18) Based on these results, it was observed that the CCA1-SRDX (#7-2) plants exhibited circadian phenotypes very similar to those of CCA1-ox. In this respect, it is known that the expression of TOC1 is not severely repressed in CCA1-ox used in this study, particularly under light/dark cycle conditions, as has been discussed previously (see ref. 18) . Replicated experiments were carried out with another CCA1-SRDX (#9-2) transgenic line with the same results (data not shown). Taking all this together, we concluded that the phenotypes of CCA1-SRDX were similar to those of CCA1-ox, but not to those of cca1 lhy, as far as the rhythmic expression profiles of TOC1 and PRR7 are concerned (Fig. 3) .
Phenotypes as to red-light sensitivity during early photomorphogenesis
It is well known that red light controls the length of hypocotyls during the early photomorphogenesis, 25, 26) and that clock-associated genes are somehow implicated in this regulation. [27] [28] [29] Specifically, it has been reported that certain cca1 lhy seedlings displayed considerably short hypocotyls when germinated under a given fluence rate of red light, while CCA1-ox seedlings showed very long hypocotyls under the same conditions. 9, 17, 30) In this study, these phenotypes were confirmed for the cca1 lhy mutant and CCA1-ox seedlings tested respectively (Fig. 4, upper panel) . In this respect, the CCA1-SRDX transgenic lines commonly showed the phenotypes of long hypocotyls. Employing two independent CCA1-SRDX transgenic lines (#7-2 and #9-2), the phenotypes were quantitatively examined under a varied range of fluence rates of red light (Fig. 4, lower panels) . With regard to red-light sensitivity during early photomorphogenesis, we concluded that the phenotypes of CCA1-SRDX were very similar to those of CCA1-ox, but not to those of cca1 lhy. The cotyledon opening appeared to be less efficient in the case of CCA1-SRDX transgenic seedlings (particularly, #1-1, #5-2, and #7-2) than in the case of CCA1-ox seedlings. This event might to relevant to the phenotypic difference, observed in CCA1-SRDX and CCA1-ox adult plants, as discussed below (see Fig. 6 ).
Phenotype as to photoperiodic control of flowering time
The flowering time of Arabidopsis thaliana is regulated by photoperiodic conditions in such a way that the facultative long-day (LoD) plant tends to flower much earlier under LoD photoperiodic conditions than under short-day (ShD) conditions. It is known that this characteristic property is also controlled through the clock function. 31, 32) Accordingly, the cca1 lhy double mutant plants showed the phenotype of extremely early flowering in a manner independent of photoperiodicity, as has been well documented (data not shown, see ref. 23 ). 7) In contrast, the CCA1-ox plants showed the phenotype of late flowering in LoD, as compared with A, Together with Col, CCA1-ox, and cca1 lhy plants, the CCA1-SRDX transgenic lines (#7-2 and #9-2) were grown under 12 h light/ 12 h dark (LD) cycles for 20 d, and then were released into continuous light (LL) conditions. RNA samples were prepared at intervals of 3 h, as indicated (closed rectangle, dark or night; open rectangle, daytime or light; shaded rectangle, subjective night). Northern blot hybridization analysis was carried out with the specific probe for mRNA of a certain clock-associated gene, TOC1. The hybridized bands were quantitatively detected with BAS-2500 equipped with Multi Gauge Ver. 3.45 (Fujifilm, Tokyo). The levels of rRNA were also analyzed as internal and loading references. The data for CCA1-SRDX transgenic lines presented are for line #7-2. The same results were also obtained for #9-2 (data not shown). B, Northern blot hybridization analyses were also carried out for a certain clock-associated gene, PRR7. In these experiments, the specific probes for TOC1 and PRR7 were prepared, as described previously (see ref. 10). rRNA was detected by staining with ethidium bromide. The above experiments were repeated, and we obtained the same results each time. the wild-type plants (Fig. 5, upper photograph) . 9) It was found that the CCA1-SRDX (#9-2) plants also showed the late-flowering phenotype. Then the flowering phenotypes were quantitatively compared as between the CCA1-ox and CCA1-SRDX plants in LoD (16 h night/ 8 h dark) and ShD (10 h light/14 h dark), by scoring days upon the onset of bolting. The results confirmed that the CCA1-ox and CCA1-SRDX plants showed essentially the same phenotype of late flowering (Fig. 5, lower  panel) .
Critical differences between CCA1-ox and CCA1-SRDX transgenic lines
So far, the results of this study altogether indicate that the phenotypes of CCA1-SRDX are very similar to those of CCA1-ox, but not to those of cca1 lhy (Figs. 3, 4 , and 5). In these experiments, however, we mainly characterized young seedlings and young vegetative plants. A striking phenotypic difference was observed between the CCA1-SRDX and CCA1-ox plants when the morphologies of fully developed adult CCA1-SRDX plants with flowers were compared with each other (Fig. 6) . It is known that the morphologies (or architectures) of cca1 lhy adult plants are similar to those of wild-type Col plants (data not shown, see ref. 23 ). The photographs of Col (41-d-old and 43-d-old) represent the characteristic architectures of wild-type plants, which stop growing and then undergo senescence under standard laboratory growth conditions. In contrast, the CCA1-ox plants kept growing for a prolonged time, and then became quite tall (Fig. 6, 78-d-old) . Consequently, the morphologies of fully developed CCA1-SRDX plants were strikingly different from those of both the wild-type and CCA1-ox plants (Fig. 6) .
More specifically, the overall architectures (including number of rosette leaves, the branching pattern of inflorescences, and the outgrowth pattern of axillary meristems and buds) were quite unusual as compared with those of the wild-type plants (Fig. 6 , see also Fig. 5 ). Furthermore, apical dominance was lost in the CCA1-SRDX transgenic plants. In other words, an extraordinary outgrowth of axillary meristems occurred during the vegetative and reproductive growth phases, resulting in unusual architectures, with many leaves and many shoots. These phenotypes are generally referred to as ''bushy,'' and such a phenotypes are observed occasionally in certain Arabidopsis mutants. [33] [34] [35] These unusual morphological phenotypes were reproducibly observed for every four independent CCA1-SRDX lines tested, although the severities of phenotypes varied considerably from line to line, and also from plant to plant (data not shown). In any event, this result supports the view that the CCA1-SRDX transgenic plants are capable of producing an artificial polypeptide (see Fig. 2C and D) , and that the resulting gene-product plays a unique role distinct from that of the CCA1 gene product itself, as discussed below.
Discussion
The main aim of this study was to gain insight into the molecular function of clock-associated transcription factor CCA1, a MYB-related DNA-biding protein. CCA1 was originally identified as a DNA-binding protein that binds to a region in the promoter of Lhcb1 Ã 3, which encodes a light-harvesting chlorophyll a/b binding protein. 36) The CCA1 protein interacts with two imperfect repeats in the Lhcb1 Ã 3 promoter, AAA/ cAATCT. It has been suggested that CCA1 acts as an activator for the transcription of Lhcb1 Ã 3 in response to red-light illumination.
37) It was then reported that CCA1 appears to be a morning-expressed clock-associated gene.
15) It is currently believed that the CCA1 protein acts as a repressor of the clock-associated TOC1 gene (see Introduction).
5) It was demonstrated that the CCA1 protein binds directly to a region of the TOC1 promoter. Also, CCA1 appears to act as an auto-repressor of its own promoter.
9) It has further been proposed that the CCA1 protein serves as a positive regulator of the circadian-associated PRR9 and PRR7 genes. 24) Taking all this together, it is tempting to assume that there might be many target genes, on which the CCA1 protein acts either as ''activator or repressor,'' depending on the targets. Considering these, here we characterized the function of CCA1 by adopting the sophisticated genetic strategy of CRES-T (Figs. 1 and 2) . The results are compatible with the idea that CCA1 acts predominantly as a ''transcriptional repressor,'' as far as circadianassociated regulatory processes are concerned (Figs. 3,  4 , and 5). However, much more complicated explanations are possible (see Results). Hence, verification of this thesis concerning the molecular function of CCA1 must await further experimentation, including certain biochemical approaches.
In this study, we further observed a strikingly bushy phenotype in CCA1-SRDX transgenic plants. This provided us with an insight into the function of CCA1 and/or CCA1-related proteins (see the phylogenic tree in Fig. 1 ). The morphologies of adult CCA1-SRDX plants were quite distinct from those of CCA1-ox plants (Fig. 6) . Such bushy phenotypes have been observed and reported occasionally for certain Arabidopsis mutants. [33] [34] [35] Nevertheless, it is difficult to explain the bushy phenotypes with the simple molecular term, because the mechanisms underlying regulation of the outgrowth of axillary meristems and buds must be very complex, and they have not yet been fully understood. 35) As judged by the striking morphological differences between CCA1-ox and CCA1-SRDX plants (Fig. 6) , it is at least possible to envisage the following scenario: The CCA1 protein, together with CCA1-homolgs, might act as ''transcriptional activators'' in as yet unknown circadian-associated output pathways that control latestage morphogenesis (see Fig. 1, case-I ). This pathway might also be relevant to early photomorphogenesis, which is indirectly regulated through the clock function per se (Fig. 4) . In this hypothetical process, the CCA1-SDRX polypeptide might interfere with the positive actions of CCA1 and CCA1-homologs, resulting in the bushy phenotype. Such CCA1-homologs must be other than LHY, because the adult cca1 lhy plants did not display any such unusual morphology under the standard growth conditions (data not shown). With regard to these CCA1-homologs, recently, several studies have been reported to show that EPR1 (At1g18330, EARLY PHYTOCHROME RESPONSIVE 1) and CIR1 (At5g37260, CIRCADIAN 1), implicated in a clockcontrolled light-signal transduction pathway. 21, 22) It is tempting to speculate that the functions of these CCA1-homologs are simultaneously interfered with in CCA1-SRDX plants. Hence, it is of interest to characterize these CCA1-homologs with reference to the morphological development of Arabidopsis thaliana. These experiments are underway in our laboratory.
In summary, we characterized the function of clockassociated CCA1 by adopting unique genetic strategy for Arabidopsis thaliana. The results provided insight into the clock-associated function of CCA1 for a better understanding of the mechanisms of plant circadian rhythms.
